Abstract-We focus on the design of multiuser receiver structures for Code Division Multiple Access (CDMA) communication systems, in the presence of multipath effects and multiple sensors at the base station receiver. We present a flexible and extensible framework that allows the use of an estimated effective spreading code from the channel estimation phase, in the multiuser detection process. The effective spreading code captures all the channel parameters such as path delays, attenuation factors, and directions of arrival. Hence estimation of this one composite vector removes the necessity of estimating each individual parameter, thus reducing computational complexity. Our results also show that this approach leads to better performance for multiuser detection, especially when the channel consists of a number of low energy paths in addition to a few discrete strong paths.
I. INTRODUCTION
In CDMA communication systems the different mobile users are distinguished at the base station receiver by the unique spreading codes assigned to the users. The binary antipodal ( f l ) information bits are modulated by the code waveforms before transmission. The received signal is a linear superposition of the multiple copies of the signals transmitted by all the users due to multipath effects, each path attenuated by arbitrary factors and delayed by an arbitrary amount.
The performance of the conventional single user receiver is limited by the near-far effect and more generally by the multiple access interference. Centralized power control can be used to somewhat reduce the near-far effect but the error performance is still far from optimum as was shown by Verdii in [ll] . Verdii's work was followed by many suboptimal near-far resistant detectors of lower computational complexity (for overview see [5], [12] ). However, these methods deal only with detection and require accurate estimates of the various channel parameters, such as multipath delays and attenuation. Several multiuser channel estimation techniques have been proposed in the literature [l], [lo] , [8] , [4] , [15] , [7] which are suitable for channel estimation in a wide range of scenarios.
Traditionally, channel estimation and detection have been considered as two distinct and separate modules in the receiver. It has been assumed that the channel estimator provides estimates of the channel delays and amplitudes and the detector uses these estimates to process the received signal to detect the transmitted symbols. However, there are certain advantages that can be gained from jointly designing the channel estimator and detector. this problem by using a combination of various multiuser techniques, such as the subspace-based approach for both channel estimation and detection. The advantages of such joint approaches include gains in performance as well as reduction in computation costs.
The contributions of this paper are twofold. First, we present a system framework that facilitates joint channel estimation and detection in a scenario involving multiple users, multiple paths, and multiple sensors at the receiver. It defines an effective spreading code [13] vector for each user which captures all channel parameters, such as path delays, attenuation factors, and directions of arrival. This framework allows us to estimate the effective spreading code and use it directly in the detection process without estimating each individual channel parameter. In addition, it allows usage of the same chip matched filter output for channel estimation as well as detection. The chip matched filter output does not need to be recomputed for the detection step after the path delays have been estimated in the channel estimation stage. The framework is flexible enough to allow application of any channel estimation scheme (e.g. subspace-based or maximum likelihood) to estimate the effective spreading code as well as any multiuser detector.
The second contribution of this paper is a particular joint channel estimation and detection scheme based on the above framework. The scheme uses a maximum likelihood approach [7], [9] to estimate the effective spreading code which is then fed into a multiuser detector based on the decorrelating detector. This technique is less computationally complex than the subspace-based joint approaches [13], [14] , which require an expensive subspace decomposition step. Our simulation results show the performance gains from such a system, especially when the channel consists of a number of low energy paths in addition to a few discrete strong paths. Our complexity estimates illustrate the savings in computation that can be expected from our maximum likelihood based channel estimation scheme, when the effective spreading code is being estimated instead of each individual channel parameter. where P k is the transmitted power, b k , i E {+l, -1) is the ith transmitted bit and C k ( t ) is the spreading waveform. The parameter N denotes the number of bits being considered. The spreading or code waveform is composed of N , chips and if we assume BPSK for the spreading modulation we have C k ( t ) = E,";' C k , n n ( t -nT,), where C k , n E {+l, -1) and the chip pulse waveform n(t) is a rectangular pulse of duration T , . We will assume that the extent of the spreading code is one bit period and hence
It has been shown [4] that using an antenna array at the receiver leads to considerable performance gains due to spatial diversity. However, this requires channel estimation at each of the sensors and application of this extra channel information to the detection process. Hence, we have incorporated this feature in our system framework for joint channel estimation and detection. The front end of the receiver consists of an antenna array of M sensors arranged in a specific geometry. The corresponding array response vector, which is the response to a propagating plane wave impinging on the array at an angle 8 is given
and is determined by the geometry of the array. In this paper, no a priori assumption is made on the geometry of the array. However it is assumed that the time taken by the signal to traverse the physical array is much smaller than the inverse of the message bandwidth and hence, the envelope characteristics of the signal do not vary across the array.
Let us assume, here, that the channel for each user consists of P distinct and resolvable propagation paths [l] . The impulse res onse of the channel seen by user k is given by h k ( t ) = EPzl W k , p d ( t -T k , p ) where, W k , p is the complex amplitude with which the p t h path of the kth user is received and includes contributions from the channel attenuation and the phase offset and T k , p is the relative delay with respect to a reference at the receiver. The channel parameters are assumed to be unknown but constant during the estimation process. It may be noted that the assumption of P distinct paths is not essential for the development of our algorithm. It is introduced here only to illustrate the nature of the channel. In fact, we will show later that the number of paths do not affect the size of the problem or the structure of the algorithm.
Accordingly the received signal at the base station is a superposition of multiple copies of attenuated and delayed signals transmitted by all the K users. Therefore, the signal at the mth sensor is given by:
The additive noise is assumed to have some correlation across the array and is not necessarily white. The system is asynchronous aind the receiver has an arbitrary timing reference which will not be aligned to actual transmitted bit boundaries. Hence, each observation vector can be viewed as a linear combination of 2K signal vectors -two components from each user due to the past and current bits as shown in Figure 1 . In Figure 1 . I ") = A(")bi + U!"), v!") -n/(O, IC(")).
We denote the ith bit of the kth user by b k , i and the Let us consider the columns of ithe matrix A("). As explained in Figure 1 , the contribution of the spreading code of the user to vector ri appears in two parts -R and L. We now have a model describing the discretized received signal at each sensor. It may be noted that the size of a : or a i (and hence A(")) does not depend on the number of paths. As the number of paths increase, these vectors (and matrix) becomes more dense but does not increase in size.
We then combine the observations at all the sensors so that we can later exploit temporal as well as spatial diversity. Hence, the observation vector ri, of length MN,, across the array, ri = [r!') , . . . rik) , . .
. riK)T]T is
where the noise vector vi is formed from the components
and is assumed to have an unknown covariance of
IC.
The matrix A is composed of the matrices A("),m = 1, . . . , M and is a function of the spreading codes of all the users as well as all the channel parameters corresponding to all the sensors.
In [7] , this model is developed further. The structure of matrix A is exploited in order to separate it into two matrices. One matrix, U , is a function of the spreading codes and the other Z consists of all the unknown channel parameters of all the paths of all the users at all the sensors. So, the received signal across all the sensors is:
The structure (UZ) shows the reason why the matrix A is referred to as the effective spreading code matrix -it is the output of the channel when the input is the spreading codes of all the users. In other words, it encapsulates the effect of the channel on the spreading codes. The matrix 
where U f and U: are matrices of the spreading codes of the ICth user and the vector z k is composed of all the channel parameters of the same user.
ALGORITHM DESCRIPTION
In the rest of the paper, we will develop the joint channel estimation and detection scheme, which will first estimate the matrix A using the maximum likelihood approach and then directly use this estimate in the detection step, without first extracting the individual channel delays and attenuation factors from A.
Using the maximum likelihood estimate of the effective spreading code, ( U Z ) , in detection as opposed to feeding back the maximum likelihood estimate of the individual parameters into the detection step has two advantages. First, we can save any error arising from the process of fitting the estimated ( U Z ) to the model for (UZ) as a function of the individual parameters. This process would be necessary for extracting the parameters from the estimated (UZ).
This reduction in channel estimate error will lead to improvement in bit-error rate performance of the detectors. We would also save the computation cost that would be required to perform the extraction of the channel parameters.
A. The Channel Estimation Algorithm function (A) of these observations can be expressed as Given N observations rl , r2 , . . . , rN the log-likelihood 
B. Multishot Multiuser Linear Detection
Linear multiuser detection requires the output of codematched filters for each user. All earlier efforts in this area assume that the code-matched filters require alignment of the processing window of the code-matched filter to bit boundaries of each user. Hence the chip matched filters had to be essentially recomputed for each user after the delays were estimated and fed back, in order to align the processing window of the code-matched filters to bit boundaries of each user. This meant that the chip matched filters used for channel estimation that were not aligned to bit boundaries could not be used to generate the code-matched filter outputs.
The use of the framework described in the previous section does not require such re-alignment and recomputation of the chip matched filter. This is because the delay information is embedded within the effective spreading code and the detection process described later in this section does not require that the processing window of the codematched filter be aligned to bit boundaries.
Moreover, previous efforts that have used a similar approach [2], [9] are essentially single shot detectors. Since the contribution of bit bi extends over two received signal periods, ri and r,+l, two estimates of b; are obtained from them. Finally a maximal gain ratio combining technique is used to arrive at the final measure. Single-shot detection implies that the detector deals with one symbol period at a time and does not account for the fact that two consecutive symbols of each interferer overlap with each symbol of the desired user. Performance gains may be expected if this asynchronous nature [5] of the system can be accounted for by detecting a block of bits for all the users simultaneously. In addition, the multishot detector is near-far resistant as it accounts for the interference from both overlapping symbols of the interfering users.
In this section we will present a scheme for such mul- Figure 2 shows that the performance improves by 2-4dB as we go from extracting individual parameters to estimating the effective spreading code only in the case of a multishot multiuser detector. There is slight improvement even in the performance of a matched filter which signifies the improvement in the channel estimation process. We have also presented the result of the detectors when the channel is known perfectly and it shows how accurate the channel estimation technique is.
Our framework is flexible enough to support multiple paths and multiple sensors ancl in fact there is considerable gain that can be expected by using multiple sensors as shown in [4]. We used three sensors and three paths with the secondary paths having energy 1/2 and 1/3 of the principal path. It should be noted that the previous studies did not consider multiple paths and multiple sensors along with a multishot detector. Figure 3 shows the gain in performance that we can expect by employing multiple sensors along with the effective spreading code scheme in a multipath scenario.
However the most significant performance gain is seen in a more realistic scenario. Researchers have so far tried to model a physical channel by a finite number of multipaths. In fact studies indicate that there are only a finite number of paths with significant strength. However there will be many other paths with relatively insignificant strength. The loss in performance by ignoring these minor paths in a conventional receiver is insignificant. However, in the case of a multiuser receiver, significant performance gains can be achieved by using the effective spreading code scheme when compared with a channel model with finite number of paths and estimating and using the channel parameters for these paths. Figure 4 shows the improvement in performance for such a system. The system has 3 major paths as before but with two other minor paths each of strength 1/50th of the direct path. The estimation algorithm that extracts the individual parameters ignores the two small paths. The gain in performance is more dramatic in this SN R(dB) Fig. 4 . Performance of the system when the number of multipath components is not known exactly scenario. Our receiver not only provides gains in performance but also a reduction in the amount of computation required. Using the joint channel estimation and detection scheme it is possible to avoid the computation to estimate Zk and to extract the parameters from zk. The computational complexity required to calculate the effective spreading code and the extra computation required to extract the parameters are detailed in Table I. The Table shows the workload in the acquisition phase only, when the preamble is being transmitted. The second and third row details those computations that can be avoided by using the effective spreading code for the detectors.
V. CONCLUSION
We have proposed a new joint channel estimation and detection scheme for CDMA systems. We claim that it is more effective to estimate the effective spreading code rather than modeling and estimating the channel as discrete multipath components. We have also shown that it is possible and indeed beneficial to use the estimated received effective spreading code directly in detection, both in terms 
